A vacuum heating camera has been developed for extremely low background X-ray film work between room temperature and 2000 K. It can be used with modified conventional Weissenberg goniometers and with a specially designed focusing goniometer. The temperature control is maintained by a Pt/Pt-10~ Rh thermocouple, a three-term proportional, integral and derivative (PID) controller and a programmable power supply. The accuracy in the absolute temperature setting is 10 K, the stability better than 1 K and the maximum thermal gradient over the crystal 7 K mm-1 at 1330 K. A small oxygen pressure can be applied, depending on the temperature, to control oxidation or reduction reactions of the sample.
Introduction
In recent years various concepts have been realized to investigate single crystals at high temperature:
(a) Heating systems with hot air or hot gas (Quareni, 1969; Smyth, 1972; Lissalde, Abrahams & Bernstein, 1978) . With this method temperatures up to 1300 K are reached.
(b) Gas-flame heating (Gubser, Hoffmann & Nissen, 1963; Miyata, Ishizawa, Minato & Iwai, 1979) . This technique is only used for extremely high temperatures (1300 to 2600 K).
(c) Radiation heating (Lefkowitz & Megaw, 1963; Viswamitra, Jayalakshmi & Kalyani, 1970; Lynch & Morosin, 1971; Bett & Glazer, 1972; Brown, Sueno & Prewitt, 1973) . This method is used from room temperature to 1770 K.
(d) Direct electrical heating (Gutt, 1962; Czank & Kleber, 1971) . Here the crystal is mounted on a thermocouple which is periodically used for heating and for measuring the temperature. Although temperatures up to 1770 K are reached, additional heating is necessary at higher temperatures because of the large temperature gradient within the sample. * Present address: Institute of Geoscience, University of Tsukuba, Sakura-mura, Niihari gun, Ibaraki 300-31, Japan.
All techniques described above can be used for fourcircle diffractometers and precession cameras. Except for the gas-flame heating they are also applied with Weissenberg cameras. Usually the crystal is heated in air or in evacuated and sealed quartz-glass capillaries.
For our intention, the investigation of diffuse scattering at high temperatures, all methods mentioned above have certain disadvantages. From a quartzglass capillary we get a disturbing background scattering. Upon heating in air or in a gas flame, oxidation or reduction may destroy the crystals. Therefore we chose a vacuum heating system which also enables us to apply small partial gas pressures to control reduction and oxidation reactions. Focusing monochromators were to be used to eliminate the continuous radiatio, and to concentrate the X-ray beam into small crystal areas so as to avoid scattering from the crystal mounting. The cylindrical symmetry of the heating camera ( § 2) makes it especially suitable for Weissenberg as well as oscillation methods ( § 3).
Line profile analyses and separation of diffuse scattering and sharp Bragg reflections demand a high resolution in reciprocal space. It can be achieved using focusing monochromators and choosing a special geometry for the photographs (Jagodzinski, 1968) . The goniometer necessary for this technique can also be used with this heating camera ( § 4).
Heating camera
The heating camera consists mainly of a cylindrical adapter for the connection with the goniometer, a beryllium tube with a wall thickness of 0.5 mm, and a graphite heating element (Fig. 1) . The beryllium tube,t which is mounted on the adapter by O rings, is used as an X-ray window and temperature shield. A stainlesssteel flange is glued to the other end of the tube providing a mounting support for the heating part.
The base of the graphite heater is held by two watercooled semicircular copper blocks. A slit in the graphite heater from the base to the primary-beam aperture allows electrical heating.
t Kawecki Berylco Industries, Reading, Pennsylvania 19603, USA. 0021-8898/82/020236-05501.00 ~ 1982 International Union of Crystallography A thermocouple is fixed at a distance of 1 mm from the crystal using an A120 3 ceramic tube which also leads the gas flow. Two conical temperature shields are installed; one for shielding the goniometer head, the other one to keep unnecessary radiation heat from the beryllium tube. The main part of the heat radiation is absorbed by the Be tube and from there it is led to the water-cooled flanges. So the Be tube has a temperature maximum between the two flanges, reaching 420 K for Weissenberg photographs and a sample temperature of 2000 K. For oscillation photographs, the film, wrapped in black paper, is placed directly on the Be tube and is held by two watercooled semitubes. Owing to this additional cooling the film is never exposed to temperatures above room temperature.
The camera has two internal collimators and beam stoppers; so the incident beam may be adjusted at two angles 90°+~ (#=0 and 20 °) with respect to the camera axis. The collimators (a 0-9 mm pinhole in a lead platelet) delimit the beam height to 1 mm at the sample. Apertures at the monochromator define the angular divergence of the beam. Because of the internal collimators the heating element is not touched by the incident beam and scattered radiation from the Be tube and lead platelet cannot reach the film. Since the scattered radiation penetrates the graphite heating element (Fig. 1 ) the accessible angular range of the scattered radiation has no further limitations in comparison with conventional oscillation or Weissenberg techniques.
Temperature control
Although the distance between the thermocouple (Pt/Pt-Rh 10%) and crystal is only about 1 mm there is a considerable difference between the actual temperature at the sample and the thermocouple reading, owing to the heat loss by the conduction wires of the thermocouple. Therefore it was necessary to calibrate the thermocouple by optical observation of the melting point of various metals and silicon. The melting points could be reproduced within +_2 K at all temperatures. Fig. 2 demonstrates that the difference between the crystal temperature and the thermocouple reading increases linearly between room temperature and 550 K. Within this range the heat is mainly transported by the residual gas. Experiments have shown that the pressure influences the calibration only for pressures >0.1 Pa. The radiative heat transport becomes significant above 700 K reducing the temperature difference for higher temperatures. So the absolute accuracy of the temperature adjustment depends on the calibration accuracy; in our case it was + 5 K. To stabilize the temperature a conventional PID controller* was used together with an 8 V, 50 A programmable power supply. It was designed to give full output at full output voltage of the PID controller (5 V). With this simple arrangement it is theoretically possible to get a temperature stability of +0.2 K. From observations of certain reflection intensities at a phase transition (Adlhart, Frey & Jagodzinski, 1980a) we estimated a stability of 0-3 K at 500 K.
The construction of the heating element favours a small temperature gradient along the sample because a maximum of thermal power is produced around the aperture for the incident beam. Tests with small gold samples at various positions within the heating element indicate a temperature gradient of about 7 K mm -i at 1330 K. This ought to be a maximum figure because for larger samples the gradient is lowered by internal heat transport.
Controlled atmosphere
In order to use a heating system without sealing reactive crystals into quartz-glass capillaries a controllable gas partial pressure is needed. Since reduction and oxidation reactions are very important we limit the discussion to the behaviour of the heating camera when oxygen gas is used. A ceramic tube leads the oxygen directly to the crystal (see Fig. 1 ). The gas flow is regulated by a needle valve. The oxygen gas partial pressure at the sample is determined by comparing the reactions within the system Fe-O with the well-known phase equilibria (Darken & Gurry, 1946) . For continuous gas inlet and pumping with a small oil diffusion pump (maximum throughput 4 kPa I s -l) the oxygen partial pressure at the sample corresponds fairly well to the pressure indicated at the measuring instruments (Penning and thermotron gauges). If the gas flow is cut off completely the oxygen partial pressure decreases to about 0-1 ~tPa at T= 1300 K owing to the reducing effect of the graphite element under these conditions. However, at high temperatures and high oxygen pressures the lifetime is reduced to one week for 800 K, Po2=l Pa or 1450 K, Po2 = 10 mPa and to one day for 1030 K, Po~ = 1 Pa or 1480 K, Po =0.1 Pa.
Weissenberg goniometer
A conventional Weissenberg goniometert was modified to operate with the heating camera. Two major changes were necessary: the spindle was replaced by a rotary-and linear-motion feed-through and the orig- inal film cylinder by a new one with a larger radius (R=41.4mm). The motion feed-through consists mainly of a hollow shaft held by two ball bearings, one in the vacuum, the other one Outside. The vacuum sealing between the ball bearings is maintained by three lip seals. The hollow shaft contains another coaxial shaft holding the goniometer head. It can be shifted by up to 2 mm to adjust the crystal. Bellows provide the vacuum seal and a rotary connection to the hollow shaft. Fig. 3 shows the heating camera mounted on the Weissenberg goniometer. The layer screens are removed and the beryllium cylinder is replaced by a plexiglass tube so that the collimators and beam stoppers can be seen.
Focusing goniometer
Singly bent monochromators with cylindrically arranged films give measurements of high resolution in single-crystal studies (Jagodzinski, 1968) . If the focus is at the crystal a high scattered intensity can be reached even for very small crystals. For suitable crystal sizes a high resolution within reciprocal space is possible without any losses of intensity if the focus of the monochromator touches the edge of the film. Depending on whether the focal line lies at the front or back edge of the film, high resolution for 0 near 0 or 90 ° can be obtained. The focusing direction may be changed within reciprocal space if the camera-is rotated around the primary beam. These methods are very valuable to separate sharp and diffuse scattering.
To use these focusing features with the heating camera we constructed a special goniometer (Fig. 4) . To provide an easy adjustment of the two possible goniometer settings (see § 2) the camera may be turned around the vertical axis and another horizontal one, both perpendicular to the primary beam. All axes pass through the crystal. In order to cope with all different focusing conditions it is possible to shift the camera q Fig. 3 . Weissenberg goniometer with heating camera along the primary beam and to turn it around this beam. As for the Weissenberg goniometer, a linearand rotary-motion feed-through is mounted.
Operation of the heating camera
Because of the limited amount of angular adjustment of the goniometer head within the camera (+5 °) crystals must be preorientated. The crystal must be remounted on a 10 mm long quartz-glass fibre using a mixture of finely ground ZrO2 and Zircoa Bond 6.* For investigations above 1400 K thin A120 3 ceramic bars (diameter 0.5 mm) were used. The crystal having been mounted on the goniometer, the heating part is attached to the latter. The internal collimators ensure a correct alignment of the beam so that even after changing the samples several times no readjustment of the goniometer is necessary. Fig. 5(a) shows an oscillation photograph of a highalbite crystal. No disturbing background radiation from the collimators or mounting medium can be observed. In Fig. 5(b) a Noromosic photograph is .shown (Jagodzinski & Korekawa, 1973) . In this tech-nique neither film nor crystal are moved and appreciably large angles of aperture are used; therefore it is especially useful for investigating diffuse scattering. Besides the distinct thermal diffuse scattering around the Bragg reflections we also see an intense anisotropic diffuse scattering along the a*-h* direction within the planes l= even. If intense Bragg reflections touch the Ewald sphere they may produce secondary Debye-Scherrer rings of the graphite heating element owing to the long exposure time (see Fig. 5b around the 312 reflection). For rotating crystals these Debye-Scherrer rings cannot be detected. Fig. 6 shows a focusing photograph of a spinel crystal at T=1770 K. For further applications of focusing and Weissenberg techniques see Adlhart, Frey & Jagodzinski, 1980a, b. The heating camera can also be used for counter techniques. For this purpose a diffractometer adapted for the cylinder geometry has been developed whose details will be described elsewhere (Adlhart, 1982) . This diffractometer has already been applied successfully to investigations of anorthites (Adlhart et al., 1980a, b) as well as structural refinements. 
